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Abstract

Serum testosterone concentration decreases with age in humans and rodents. Accordingly, old male mice show changes in
locomotor activity rhythms: a lengthened free-running period and decreased activity levels among others. To investigate
whether testosterone replacement improves the age-related decline in circadian rhythmicity, we examined the effects of tes-
tosterone on the circadian rhythms of wheel running activity in old male mice. Intact male C57BL/6J mice (18-22 months
old) were subcutaneously implanted with silicone tubes packed with testosterone propionate (TP) or cholesterol. TP treat-
ment significantly decreased the daily wheel running revolutions in a normal light/dark (LD) cycle and in constant darkness
(DD), but did not affect the free-running period. The same experiment performed on young male gonadectomized mice
(3-5 months old) demonstrated that TP treatment significantly increased activity levels in both LD and DD. These results
suggest that testosterone replacement exacerbates the age-related decline in circadian rhythmicity.
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Introduction

Serum testosterone concentration decreases with age in
both humans and rodents [1-3]. Lower testosterone levels
are associated with decreased physical and mental function,
increased mortality, and decreased quality of life [4]. Tes-
tosterone replacement therapy (TRT) is increasingly being
used to alleviate age-related decline in physical functions
in elderly men [5]. However, the clinical benefits of TRT
in older men are still a subject of debate [6]. Circadian
rhythms, like most physiological processes, are profoundly
influenced by aging. In humans and other mammals, aging
is commonly associated with changes in the quantity and
quality of sleep, and with specific sleep disorders, includ-
ing sleep episode fragmentation [7-9]. In addition, aging
decreases the amplitudes of diurnal rhythms in hormone
secretion, urine metabolites, and blood pressure in humans
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[10-12]. In rodents, aging induces changes in locomotor
activity rhythms, including decreased amplitude, increased
fragmentation, altered free-running periods, slower re-
entrainment following light—dark cycle shifts, and altered
light sensitivity [8, 13—16].

Circadian rhythms are coordinated by a central clock
located in the suprachiasmatic nucleus (SCN) of the hypo-
thalamus. The SCN receives environmental light cues from
the retinas and adjusts the body to the daily rotation of the
earth [17]. SCN lesions abolish circadian rhythms of loco-
motor activity and hormones in rodents [18], indicating
that the SCN plays an important role in physiological and
behavioral circadian rhythms. Circadian rhythms are gen-
erated within mammalian cells by interlocking transcrip-
tional—translational feedback loops involving a family of
clock genes [19]. Period2 (Per2) is a clock gene that shows
circadian oscillations in the cells of almost all organs and is
used to assess the periods and amplitudes of cellular clocks
[20].

Androgen receptors are expressed in the SCN of humans
and rodents, rendering the SCN sensitive to androgen treat-
ment [21-25]. With regard to the role of androgens in circa-
dian rhythms, it has been reported that gonadectomy (GDX)
lengthens the free-running period of circadian behavioral
rhythms and decreases overall activity in young male mice,
an effect rescued by testosterone replacement [26]. However,
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this effect was observed only in dim light conditions but
not in constant darkness (DD) [27]. To our knowledge, it
remains unknown whether androgens directly influence the
period and/or amplitude of circadian rhythms of clock gene
expression in the SCN.

In this study, we hypothesized that testosterone would
improve age-related decline in circadian behavioral rhythms
by modulating the period and amplitude of circadian
rhythms of clock gene expression in the SCN. To assess our
hypothesis, we examined the effects of testosterone propi-
onate (TP) on the circadian rhythms of locomotor activity
in old and young mice and the expression rhythms of clock
genes in the SCN using ex vivo bioluminescent recordings
of PER2::1uciferase knock-in (PER2::LUC) mice.

Materials and methods
Animals and housing

Male C57BL6/J mice were purchased from Japan SLC (Shi-
zuoka, Japan). Animals were classified into young and old
groups and were housed separately until they reached the
experimental age. Male heterozygous PER2::LUC mice
(C57BL/6J background) were obtained from The Jackson
Laboratory (Bar Harbor, ME, USA) and bred for use in
bioluminescence recordings. Animals were maintained in
a 12:12 h light-dark cycle under controlled air conditions
(room temperature, 23 + 1 °C; humidity, 50 + 10%) with
food and water available ad libitum. All animal housing and
experimental procedures were in accordance with the guide-
lines of the Japanese Physiological Society and approved
by the Institutional Animal Care and Use Committee at
the School of Agriculture Meiji University (permission #:
TACUC16-0012).

Surgery: GDX and hormone replacement

GDX was performed under isoflurane anesthesia (5% for
induction and 1.5-2% for maintenance). Testes were exter-
nalized via laparotomy and then removed after clamping
the testicular artery. The incisions were closed with sutures.

Silicone tubes (inner diameter=2.0 mm, outer diam-
eter =3.0 mm; Kaneka, Osaka, Japan) were packed with
100% testosterone propionate (TP; Sigma-Aldrich, St. Louis,
MO, USA) or 100% cholesterol (Sigma-Aldrich; vehicle
group), and sealed with silicone adhesive (Konishi, Osaka,
Japan). Tubes were 12 mm long with an additional 3 mm
on each end for the adhesive. This method has been used in
animal research for a long time [28, 29], in which TP con-
stantly leaks from the tube [30]. Tubes were washed with
70% ethanol and primed in 0.9% sterile saline at 37 °C over-
night and then implanted subcutaneously under isoflurane
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anesthesia during the light phase. The incisions were closed
with sutures.

Measuring wheel-running activity

Each mouse was housed in a separate cage
(183340 x 148 mm; CL-0135, CLEA Japan, Tokyo Japan)
with a running wheel (12 cm diameter, SANKO, Osaka,
Japan) 2 weeks after the surgery. The cages were placed in
light-tight, ventilated boxes in which the light intensity at the
bottom of the cage was 200-300 1x. The number of wheel
revolutions was counted by a magnet-sensor-activated signal
between a button magnet on the running wheel and a magnet
relay (59070-010, Littelfuse, Inc., Chicago, IL, USA) fixed
on a side wall of the cage, and was fed into a computer every
minute. A chronobiology kit (Stanford Software Systems,
Naalehu, HI, USA) and the ClockLab software (version 2.72,
Actimetrics, Wilmette, IL, USA) were used to collect and
display the activity data. Periods of wheel-running activity
for 15 days in the DD condition were calculated with chi-
squared periodograms. Daily activities for 7 days in a normal
light/dark (LD) cycle and 15 days in DD were quantified
using the activity profile function in ClockLab.

Gonadal gland weights and serum testosterone
concentrations

Animals had their LD cycles re-entrained for at least
2 weeks following wheel-running recordings in the DD
condition. They were killed at 2—4 h before lights off under
isoflurane anesthesia. Seminal vesicles, prostates, testes, and
blood were collected. The body, seminal vesicle, prostate,
and testis weights were measured. The blood samples were
allowed to clot by leaving them undisturbed at room tem-
perature (22-25 °C) for 30 min. The clots were removed by
centrifuging at 1000-2000xg for 10 min at 4 °C. The sera
were stored at — 80 °C until use.

Serum testosterone concentrations were measured in
duplicate using an enzyme-linked immunosorbent assay kit
(Testosterone Parameter Assay Kit, R&D systems, Minne-
apolis, MN) according to the manufacturer’s instructions.

Experimental scheme

Experiment 1: effects of TP on the circadian rhythms
of wheel-running activity in old mice

Male C57BL6/J mice, 18 to 22 months old, were used as
“old” mice in this experiment [31]. We divided intact old
male mice into TP (n=7) and vehicle (n=9) groups. Ani-
mals in both groups were subcutaneously implanted with
silicone tubes filled with TP or vehicle, respectively. After
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2 weeks of recovery, wheel-running activity was recorded
in the DD condition for 15 days following 7 days of an LD
cycle. Animals had their LD cycles re-entrained for at least
2 weeks following wheel-running recordings in the DD
condition. They were killed 2—4 h before lights off under
isoflurane anesthesia. Seminal vesicles, testes, and blood
were collected.

Experiment 2: effects of TP on the circadian rhythms
of wheel-running activity in young mice

Male C57BL6/]J mice, 3 to 5 months old, were used as
“young” mice in this experiment [27]. Young mice under-
went GDX and were subcutaneously implanted with sili-
cone tubes filled with TP (GDX + TP group, n=6) or vehicle
(GDX + vehicle group, n=9), respectively. After 2 weeks
of recovery, wheel-running activity was recorded in the DD
condition for 15 days following 7 days of an LD cycle. Ani-
mals had their LD cycles re-entrained for at least 2 weeks
following wheel-running recordings in the DD condition.
They were killed 2—4 h before lights off under isoflurane
anesthesia. Seminal vesicles, prostates, and blood were
collected.

Experiment 3: effects of TP on the circadian rhythms
of PER2::LUC mice in SCN explants

We recorded bioluminescence rhythms in SCN explants
from intact young (3- to 5-month-old) male PER2::LUC
mice. We administered 10 pM TP diluted with dimethyl sul-
foxide (DMSO) (TP group, n=7) or vehicle (vehicle group,
n=7). Culture procedures were performed as described pre-
viously [32]. Briefly, 1-2 h before lights off, mice were euth-
anized by isoflurane anesthesia and rapidly decapitated. To
prepare SCN cultures, brain tissue was removed and placed
in chilled Hanks’ buffered salt solution. The brain was sliced
in the coronal plane on a microslicer (Dosaka EM, Kyoto,
Japan) at a thickness of 300 pm. The bilateral SCN and mini-
mal surrounding tissue were isolated from the slice using
scalpels. SCN sections were placed at the liquid interface on
membranes (Millicell-CM, PICM030-50; Merck Millipore,
Burlington, MA, USA) in 35-mm dishes (Thermo Fisher
Scientific, Waltham, MA, USA) containing 1.0 ml of record-
ing medium [serum-free, no sodium bicarbonate, no phenol
red, Dulbecco’s modified Eagle’s medium (D-2902; Sigma-
Aldrich) supplemented with 0.35 g/l sodium bicarbonate,
10 mM HEPES (pH 7.2), B27 (2%, 17504-010; Thermo
Fisher Scientific)], 0.1 mM luciferin (beetle luciferin, potas-
sium salt; Wako Chemicals, Tokyo, Japan), and antibiotics
(25 U/ml penicillin, 25 mg/ml streptomycin; Thermo Fisher
Scientific).

TP was dissolved in DMSO (Sigma-Aldrich) and added
directly to the recording medium. For controls, cultures

were treated with DMSO vehicle. The concentration of
DMSO did not exceed 1.0 pl/ml in the media. Follow-
ing the addition of steroid or vehicle, the dishes were
sealed with a cover using vacuum grease and placed under
photomultiplier tubes (H6240; Hamamatsu, Hamamatsu,
Japan) inside light-tight 35.0 °C environmental chambers.
Bioluminescence was counted every minute from every
dish for 6 days.

The data were detrended by subtraction of the 24-h run-
ning average from the raw data and then smoothed with a 2-h
running average. The first 12 h of recording were not used in
the analyses. The peak phase was set at the highest point of
the smoothed data in each cycle. The period was calculated
by measuring the mean interval of the peaks for four cycles.
The amplitude was determined using the highest and lowest
points in the second cycle.

Statistics

All results are presented as mean =+ standard error of the
mean and were considered significant at p <0.05. Student’s
t-tests were used to examine differences between two groups.

Results

Experiment 1: effects of TP on the circadian rhythms
of wheel-running activity in old mice

Both the TP and vehicle groups showed diurnal and circa-
dian wheel-running rhythms in both the LD and DD con-
ditions (Fig. la). We calculated the free-running period
and daily wheel-running revolutions. No significant differ-
ences in the free-running period were observed between the
TP and vehicle groups in the DD condition (Fig. 1b, TP:
23.85+0.04 h; vehicle: 23.71+0.08 h). Conversely, TP
treatment significantly decreased daily wheel-running revo-
lutions in both the LD (Fig. 1c, TP: 10,238 +2031 revolu-
tions/day; vehicle: 25,010 +2713 revolutions/day; p < 0.001,
Student’s z-test) and DD (Fig. 1d, TP: 10,873 +2084 revo-
lutions/cycle; vehicle: 22,698 +3219 revolutions/cycle;
p<0.05, Student’s ¢-test) conditions.

To assess whether TP treatment affected other physi-
ological parameters, we measured serum testosterone and
the weights of the seminal vesicles and testis after behav-
ioral recordings. The effects we observed agreed with the
known effects of TP treatment, as we observed significant
increases in the weight of seminal vesicles (Fig. le, TP:
63.89 +7.38 mg/g body weight; vehicle: 41.78 +5.33 mg/g
body weight; p <0.05, Student’s ¢-test) and serum concentra-
tion of testosterone (Fig. 1g, TP: 11.21 & 1.15 ng/ml; vehicle:
3.15+1.25 ng/ml; p <0.01, Student’s 7-test), and decreases
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Fig. 1 Effects of testosterone propionate on the circadian rhythms of
wheel-running activity in old mice. a Representative double-plotted
actograms showing the wheel-running activity of old intact mice
implanted with vehicle or testosterone propionate (TP) under light/
dark (LD) and constant darkness (DD) conditions. The light sched-
ule is indicated by black and white bars above the record. b The free-
running period of wheel running activity in DD is shown. The daily

in the weights of the testis (Fig. 1f, TP: 5.09+0.25 mg/g
body weight; vehicle: 5.90 +0.14 mg/g body weight;
p<0.01, Student’s 7-test).
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amounts of wheel running activity are shown in ¢ LD and b DD. e, f
The weights of the seminal vesicles and testis are shown. The weights
were calculated as ratios of body weights. g The concentrations of
serum testosterone are shown. Data are presented as mean =+ stand-
ard error of the mean, n=7-9 per group, *p<0.05, **p<0.01,
##%p <(0.001 for vehicle vs TP (Student’s r-test)

Experiment 2: effects of TP on the circadian rhythms
of wheel-running activity in young mice

We next investigated the effects of TP on circadian
rhythms of wheel-running activity in young mice. Both
the GDX + TP and GDX + vehicle groups showed diurnal
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and circadian wheel-running rhythms in both the LD and
DD conditions (Fig. 2a). We calculated the free-running
period and daily wheel-running revolutions. No signifi-
cant differences in the free-running period were observed
between the GDX + TP and GDX + vehicle groups in

the DD condition (Fig. 2b, GDX + TP: 23.84 +0.11 h;
GDX + vehicle: 23.77 +£0.03 h). Conversely, TP treatment
significantly increased daily wheel-running revolutions in
both the LD (Fig. 2c, GDX + TP: 17,998 + 3413 revolutions/
day; GDX + vehicle: 3756 + 704 revolutions/day; p < 0.001,
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Fig.2 Effects of testosterone propionate on the circadian rhythms
of wheel-running activity in young mice. a Representative double-
plotted actograms showing the wheel-running activity of young GDX
mice implanted with vehicle or testosterone propionate (TP) under
light/dark (LD) and constant darkness (DD) conditions. The light
schedule is indicated by black and white bars above the record. b The
free-running period of wheel running activity in DD is shown. ¢, d

The daily amounts of wheel running activity are shown in ¢ LD and
d DD. e, f The weights of seminal vesicles and prostates are shown.
The weights were calculated as ratios of body weights. g The con-
centrations of serum testosterone are shown. Data are presented
as mean = standard error of the mean, n=6-9 per group, *p <0.05,
**p <0.01, ¥*¥*p <0.001 for vehicle vs TP (Student’s z-test)
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Student’s #-test) and DD (Fig. 2d, GDX +TP: 16,916+ 3063
revolutions/cycle; GDX + vehicle: 3137 +326 revolutions/
cycle; p<0.001, Student’s #-test) conditions.

The effects we observed corroborated the known effects
of TP treatment, as significant increases in the weights of
the seminal vesicles (Fig. 2e, GDX + TP: 20.57 +0.66 mg/g
body weight; GDX + vehicle, 0.87 +0.20 mg/g body
weight; p <0.001, Student’s f-test), prostates (Fig. 2f,
GDX +TP: 0.93 +0.22 mg/g body weight; GDX + vehicle:
0.23 +0.03 mg/g body weight; p <0.01, Student’s #-test), and
serum concentrations of testosterone (Fig. 2g, GDX + TP:
10.59+0.12 ng/ml; GDX + vehicle: 0.27 +0.12 ng/ml;
p<0.001, Student’s z-test) were observed.

Experiment 3: effects of TP on the circadian rhythms
of PER2::LUC in SCN explants

We recorded bioluminescence rhythms in SCN explants
from young male intact PER2::LUC mice. We applied
10 pM TP diluted with DMSO (TP group, n="7) or vehi-
cle (vehicle group, n="7). Both TP and vehicle-treated SCN
tissues clearly showed circadian rhythms in PER2::LUC
expression (Fig. 3a). We calculated the period and ampli-
tude of PER2::LUC expression. TP treatment significantly
lengthened the circadian period in the SCN (Fig. 3b, TP:
25.69 +0.19 h; vehicle: 25.01 +0.17 h; p<0.05, Stu-
dent’s t-test), while TP did not affect the amplitude of the
PER2::LUC rhythm (Fig. 3¢, TP: 7025 + 572.9 counts/min;
vehicle: 5589 +1277.0 counts/min).

Discussion

Although our results demonstrate that TP influences the cir-
cadian rhythm of wheel-running activity and PER2::LUC
rhythm in the SCN, they are inconsistent with our hypoth-
esis. TP treatment increased the daily wheel-running activity
in young mice, contrary to the effects in old mice. Addition-
ally, TP treatment lengthened the periods of PER2::LUC
rhythm in SCN explants from young mice without affect-
ing the amplitude of the same. In a previous result, with
regards to in vivo multiunit neural activity recordings from
the SCN of freely moving young and old mice, we observed
that the amplitude of diurnal and circadian rhythms of neural
activity was reduced in older mice. The reduction simul-
taneously occurred with a reduction in the wheel running
activity rhythm [33]. These results indicate that aging asso-
ciated degradation of the circadian neural output leads to
an age-related decline in circadian behavioral rhythm. It is
our understanding that TP treatment reduces the wheel run-
ning activity by further exacerbating the amplitude of neural
firing activity rhythm in the SCN. Thus, our data suggests
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Fig.3 Effects of testosterone propionate on the circadian rhythms
of PER2::LUC in suprachiasmatic nucleus explants. a Representa-
tive bioluminescence traces showing the effects of testosterone pro-
pionate (TP) on circadian rhythms of PERIOD2::LUCIFERASE
(PER2::LUC) expression in cultured suprachiasmatic nucleus (SCN)
explants from young male mice. The SCN was treated with vehicle
[dimethylsulfoxide (DMSO)] or 10 pM TP. The b mean period and
¢ amplitude values are shown for each group. Data are presented as
mean +standard error of the mean, n=7 per group, *p<0.05, for
vehicle vs TP (Student’s #-test)

that TP treatment does not improve age-related decline in
circadian rhythms.

In old mice, we confirmed the known effects of TP treat-
ment, as we observed significant increases in the weights
of the seminal vesicles and testosterone levels in the circu-
lating blood and decreased testis weights [34]. However,
TP treatment did not restore age-related changes, such as
lengthening of the circadian period and decreases in circa-
dian amplitude. As it is known that testosterone influences
the autonomic system [35] and has anabolic effects on skel-
etal muscle mass and bone architecture in humans and mice
[36-39], the result of decreasing activity levels was very
surprising.

TRT has become popular as a treatment to alleviate age-
related decline in physical and mental function in elderly
men [5]. However, TRT did not increase the walking dis-
tance in a 6-min walk test in a physical function trial [3]. In
addition, it has been reported that TRT produces a number of
adverse effects including worsening of sleep apnea in older
men [40]. Collectively, TRT does not seem to improve all
age-related declines in physical function in humans. In this
regard, the present results are consistent with the data from
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human clinical studies [3]. The present results in old mice
suggest that testosterone treatment does not improve circa-
dian behavioral rhythms in old mice.

In the present study, TP treatment increased the activity
levels in young GDX mice. Daan et al. [26] reported on the
effects of androgens on circadian behavioral rhythms and
indicated that GDX lengthened the free-running period and
reduced wheel-running activity in mice. Both effects were
abolished by implantation of TP. These findings suggest that
TP treatment shortens the free-running period and increases
activity levels [26]. In the present study, however, TP treat-
ment administered to young GDX mice affected the activity
levels but did not shorten the free-running periods of wheel-
running rhythm. The discrepancy may be explained by the
findings of a recent paper [27], which revealed that GDX
lengthened the free-running period in dim light conditions,
but not in complete DD conditions, and increasing intensities
of constant light parametrically increased the free-running
period. The present behavioral study was performed in com-
plete DD conditions. Therefore, the absence of an effect of
TP treatment in young GDX mice on the free-running period
may be due to differences in the light conditions. However,
a recent study of high-throughput chemical screening of
existing drugs for circadian clock modulators showed that
dehydroepiandrosterone, one of the most abundant circulat-
ing androgens in humans, shortened free-running periods of
wheel-running activity rhythms in young male mice [41].
Thus, androgens may have the potential to alter the period
of circadian behavioral rhythms.

In SCN explants, we observed that 10 pM TP treatment
significantly lengthened the period of PER2::LUC expres-
sion but did not affect its amplitude. Although Silver’s group
reported that a direct TP implant to the SCN altered the
period of circadian behavioral rhythms [25], the present
study is the first to show a direct effect of testosterone on
the circadian rhythms of clock genes in the SCN. Regarding
the changing rhythms of clock gene expression by testos-
terone in peripheral tissues, it has been reported that GDX
attenuates the expression rthythm of Per2 mRNA, and tes-
tosterone administration partially rescues the expression
levels of Per2 [42]. Using the Per2-dluc reporting system,
it was demonstrated that 100 nM testosterone treatment
increased the amplitude of the Per2-dluc rhythm in mes-
enchyme cells but did not affect the period [42], suggesting
that testosterone directly influences circadian rhythms of
clock gene expression in peripheral tissues. It is known that
androgen receptors are expressed in the SCN of humans and
rodents, and that the SCN is sensitive to androgen treatment
[21-25]. Thus, it is likely that testosterone alters the circa-
dian rhythms of cellular clocks in the SCN.

In conclusion, TP alters circadian rhythms of PER2::LUC
in the SCN and increases locomotor activity levels in young
male mice; however, the same treatment worsens the

amplitude of circadian wheel running rhythm in aged male
mice. Testosterone replacement therefore seems to exacer-
bate the age-related decline in circadian rhythmicity. These
findings indicate the need for careful dissection of the utility
of TRT for age-related sleep disorders.
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